ABSTRACT: Monolithic carbon cryogels having a honeycomb structure with pore openings a few tens of micrometers in diameter (Carbon MicroHoneycomb, CMH) were synthesized by directional freezing of precursor resorcinol−formaldehyde (RF) hydrogels and subsequent carbonization at temperatures ≥ 674 K. Aging of precursor RF monoliths with 1 N HCl aq. was found to markedly increase the hydrophobicity of the corresponding CMHs as characterized by water vapor adsorption experiments conducted at 298 K. Analysis of the water vapor adsorption data indicates that levels of hydrophobicity of CMHs are similar to those exhibited by other types of highly hydrophobic adsorbents, such as a coal-derived activated carbon and a defect-free pure silica zeolite Beta. HCl aging also drastically changes the porous structure of CMHs from microporous to micro/mesoporous as characterized by nitrogen adsorption/ desorption experiments. Because of significantly enhanced hydrophobicity of CMHs as well as hierarchical pore structure (straight macropores connected with micro/ mesopores), CMHs can readily separate 1-butanol molecules from a diluted aqueous solution at 310 K and demonstrate high capacities (up to ≈3.13 mol kg −1 at a 1-butanol concentration of 135 mM). The unique morphology of CMHs, consisting of straight macropores coupled with micro/mesopores embedded within honeycomb walls, and the highly hydrophobic surface properties offer future prospects of CMHs in various applications that require fast separation of hydrophobic molecules from a large volume of aqueous solutions.
INTRODUCTION
Carbon gels, which are obtained through the carbonization of precursor organic gels, have attracted considerable attention for applications as energy storage materials, 1−8 separation media, and catalysts 9, 10 because their porous properties can be tuned to match their usage by simply adjusting synthesis conditions. One of the most widely used precursor for carbon gels is a resorcinol−formaldehyde (RF) resin 11−13 that is synthesized by the polycondensation of resorcinol and formaldehyde in water using a base 11 or acid 14, 15 catalyst. As in the case of sol−gel synthesis of silicate materials, 16 a wide variety of adjustable synthesis conditions, including the concentrations of monomers and a catalyst, 17, 18 pH of the synthesis solution, 19 use of an organic template, 20 and drying conditions, 21 allow one to tailor the porous properties of resultant RF resins, 16, 22, 23 which ultimately determine the pore structure of the final carbonized materials. Further tuning of the pore structure of carbon gels can be accomplished by chemical or physical activation 13, 24 Another benefit of using RF resins as the precursor is the easiness of preparing structured materials. Preparations of various forms of carbon materials, such as monoliths, films, and discs, have been reported. 25−28 Mukai et al. reported the synthesis of monolithic carbon materials that have a honeycomb structure with pore openings a few tens of micrometers in diameter from carbonizing RF cryogels. 10, 26, 27, 29, 30 Because the pore openings of the aligned microchannels of such materials are in the micrometer range, these materials are called microhoneycombs (MHs). The aligned microchannels are formed by directional freezing of a precursor RF hydrogel using a cold bath, which forms straight ice rods a few tens of micrometers in diameters within the RF hydrogel network. Subsequent drying and carbonization yield microhoneycomb carbon cryogels. The unique morphology of MHs enables fast mass transfer of substrates by convection through straight channels and diffusion in short micropores present within the walls that form the channels. Furthermore, MHs cause significantly low resistance to a liquid flow. 10 Thus, MHs have prospective features as applications to separation media, 31 catalysts, 10 and catalyst supports. In the synthesis of carbon gels from RF resins, aging (curing) of RF hydrogels in an acid solution is often employed after gelation to increase the strength of the resultant materials by increasing the cross-link density between polymer particles. 23 In our previous investigations, we found that aging MH-type RF resins in a diluted HCl aq. leads to the introduction of mesopores about 2.5 nm in diameter to the corresponding carbon microhoneycomb (CMH). 10 However, the investigation focused on the characterization of the porous properties. Here, we found that HCl aging of precursor RF microhoneycombs significantly enhances the hydrophobicity of the corresponding CMHs. The high hydrophobicity of a series of CMHs is characterized by water vapor adsorption measurements, and the data are compared with those for a coal-derived activated carbon and high silica zeolites that are known to exhibit high hydrophobicity. 32 To demonstrate the benefits of marked hydrophobicity as well as enhanced mesoporosity of CMHs via HCl aging, we tested CMHs as adsorbents for butanol recovery from an aqueous solution. Butanol produced via the traditional fermentation process (biobutanol) has attracted significant attention because butanol has fuel properties closely resembling those of gasoline and can be mixed with gasoline at any proportion. 33, 34 The energy density of butanol is higher than that of ethanol and approximately 90% of that of gasoline. Furthermore, butanol is essentially noncorrosive, less volatile, and hygroscopic and has a higher flash point than ethanol, which makes it safer to handle. 34 Thus, butanol has prospects as a renewable energy source. One of the challenges associated with biobutanol production by fermentation processes (socalled ABE process) is the low butanol tolerance of bacteria, which limits the concentration of butanol to ≈1 wt % (≈135 mM) in the fermentation medium. 33 Recovery of 1-butanol from a dilute aqueous solution requires extensive energy. Separation of 1-butanol by distillation is cost-and energyintensive because of the huge amount of water and the formation of an azeotrope from a mixture of 1-butanol and water. 35 Among various recovery techniques, pervaporation and adsorption were identified as the processes with the lowest energy consumption. 35 We demonstrate that CMHs show a high performance in 1-butanol uptake from diluted aqueous solutions in batch and flow adsorption systems. 10 Typically, a mixture of resorcinol (R), formaldehyde (F), sodium carbonate (C), and water (W) with the ratios among the four components being 1:2:0.02:61 was prepared in a polypropylene (PP) cup. The mixture was divided and charged to PP tubes (50 mm × 8 mm i.d.) that had been sealed at either end, and heated at 303 K for 20 h to allow the polycondensation reaction to proceed. After 20 h of the reaction, RF hydrogels were released from the PP molds and were washed with water. Then, each RF hydrogel was placed in a PP tube (13 mm i.d. × 125 mm), which was subsequently dipped into a liquid nitrogen bath at a rate of 60 mm/h. After the PP tube containing the frozen RF hydrogel was taken out of the liquid nitrogen bath, the RF hydrogel was immersed in 10 times their volume of tert-butyl alcohol (t-BuOH) for 1 day to exchange the water included in its structure with t-BuOH. This washing process was repeated three times using fresh t-BuOH each time. Aging a part of the RF hydrogels in HCl aq. was performed by immersing the frozen RF hydrogels in 20 mL of 1 N HCl aq. in a glass vial and keeping it there at room temperature for 1−20 days before washing with t-BuOH. The materials that had been washed with t-BuOH were freeze-dried at 263 K and carbonized as described in the next section. RF monolith samples are labeled as RFMH-DAY, where RFMH = RF MicroHoneycomb and DAY = treatment day(s) in 1 N HCl aq.
EXPERIMENTAL
2.3. Carbonization of RF Monolith. Monolithic RF hydrogels prepared as in the preceding section were carbonized at 673−1073 K for 4 h in a tubular reactor in a nitrogen flow of 100 mL/min. Resultant samples are labeled as CMH-DAY-TEMP, where CMH = Carbonized RF MicroHoneycomb, DAY = treatment day(s) with 1 N HCl aq., and TEMP = carbonization temperature (K).
2.4. Characterization. The morphology of samples was characterized using a scanning electron microscope (SEM, JEOL Japan Inc., JSM-5410). The samples were mounted on a specimen stub using double-stick adhesive carbon tape. Nitrogen adsorption experiments were performed using an autoadsorber (BELSORP-mini II, Belsorp Japan) at liquid nitrogen temperature. In a typical measurement, an oven-dried measurement tube was weighed and then charged with approximately 50 mg of a sample. After the sample was pretreated in a flow of dry nitrogen at 523 K for 4 h, the tube containing the sample was sealed, weighed to determine the mass of the sample, and connected to the analysis port of the instrument. Micropore and total pore volumes were determined from N 2 uptakes at P/P 0 = 0.15 and 0.99, respectively. Mesopore size distributions and mesopore volumes were calculated by applying the Dollimore−Heal method to the adsorption isotherms. Vapor-phase adsorption of H 2 O on carbon adsorbents including a commercially available activated carbon (Norit) was measured using an adsorption apparatus (BELMax, Belsorp Japan) at 298 K. In each experiment, approximately 50 mg of a carbonized material was placed in a sample tube, and was pretreated at 523 K for 4 h in a dynamic vacuum. High-silica zeolite (JRC-Z5-90H, silica/alumina molar ratio of 90) was pretreated at 523 K for 6 h in a dynamic vacuum. Solid-state 13 C CP/MAS NMR spectra were recorded on a Bruker MSL-300 at 75.3 MHz, a spinning rate of 6.0 kHz, and a contact time of 1 ms. Spectra of solid samples were collected in vacuum in transmission mode with a JASCO FT/ IR-6100 Fourier transform spectrometer with a spectral resolution of 4 cm −1 .
Adsorption of 1-Butanol in a Batch Adsorption
System. Adsorption isotherms of 1-butanol on CMHs were measured in a batch adsorption system at 310 K. A 6 mL glass vial was charged with 3 mL of 1-butanol aqueous solution at a specified concentration and 50 mg of an adsorbent, and then capped. The slurry was stirred vigorously using a stir bar in a thermostat bath set to 310 K for 24 h. After 24 h of stirring, an aliquot of the slurry was withdrawn through a syringe filter (SFNY013022, Membrane Solutions) using a disposable 1 mL PP syringe, and the resulting filtrate was analyzed using a gas chromatograph (GC-17A, Shimadzu Co. Ltd.) equipped with a capillary column (HR-1, 0.25 mm i.d., 25 m length, Shinwakako Co. Ltd.,) and an FID detector. Approximately ∼0.2 μL of the solution was injected into the column using the split mode option at a split ratio of 100:1. The injector and detector temperatures were set to 473 and 523 K, respectively. The oven temperature was held at 473 K. Equilibrium uptake of 1-butanol was calculated from the difference in the initial and final concentrations by eq 1 assuming that the solution volume, V, was constant.
In eq 1, q represents the amount of 1-butanol uptake in mol (kg of adsorbent)
, V represents the solution volume in mL, C 0 represents the initial concentration of 1-butanol in mol L −1 , C represents the equilibrated concentration of 1-butanol in mol L −1 , and m represents the mass of the adsorbent in kg. 2.6. Adsorption of 1-Butanol from an Aqueous Solution in a Flow System. Adsorption of 1-butanol by a CMH was also conducted in a flow system. A CMH (17 mm in length and 8 mm in diameter) was cladded with a heatshrinkable tube whose one end was connected to a feed line. An aqueous solution containing 135 mM of 1-butanol was fed to the CMH upward at a liquid hourly space velocity of 13 mL of butanol/(mL of CMH h ) from the bottom of the CMH that was held vertically in a thermostat bath set at 310 K. From time to time, an aliquot of the effluent was withdrawn by syringe and analyzed by the same procedure used in the batch system.
RESULTS AND DISCUSSION
3.1. Morphology of Synthesized RFMHs and Characterization of Them Using IR and 13 C CP MAS NMR. Various RFMHs were synthesized by varying the duration of the HCl treatment. A typically synthesized RFMH and carbonized sample have a cylinder shape, and the crosssectional area of the cylinder shows aligned microchannels ≈ 100 μm in diameter (vide infra). The IR spectrum characterizing an RFMH-0 (sample without HCl aging) shows bands that can be assigned to modes typically found for an RF gel ( Figure 1 To further investigate the effects of HCl treatment on the structure of RFMHs, 13 C CP MAS NMR characterization was performed for selected materials: RFMH-0, RFMH-4, and RFMH-20. All of the data show resonances that are consistent with an RF gel: 15, 37 (Figure 2 ).
The spectrum characterizing RFMH-0 shows a small peak at approximately 105 ppm, 37 which can be assigned to aromatic carbons between two phenolic carbons (ortho position relative to two phenolic carbons in resorcinol). This resonance was absent in the spectra characterizing the samples treated with 1 N HCl aq., indicating further reactions of aromatic carbons between two phenolic carbons. Although the IR data show the consumption of a fraction of carboxyl groups after HCl aging, resonances characteristic of carbonyl carbons at ∼190 ppm are virtually the same. It is assumed that the NMR spectroscopy was not sensitive enough to detect the small change that actually occurred.
In summary, the data show the successful synthesis of RFMHs. The results also indicate further reactions of aromatic carbons between two phenolic carbons and also consumption of a fraction of carboxyl groups by HCl aging. These changes appear to be rather small, but HCl aging causes substantial changes to the pore and surface properties as described in the next section.
3.2. Morphology and Porous Properties of Carbonized Monoliths. A carbonized material (CMH) typically obtained in this work retains the original cylinder shape of its parent RFMH (Figure 3) , and SEM characterization of the cross-sectional area of the cylinder shows a honeycomb-like structure consisting of straight macropores ≈ 100 μm in diameter (Figure 3, inset) . Height and diameter of the cylinder are adjustable by using PP tubes having different sizes for RF monoliths with and without HCl aging were carbonized at various temperatures, and their pore structures were characterized by nitrogen gas adsorption experiments. Carbonization of an RFMH-0 at 673 K (resultant material is CMH-0-673) gave essentially a nonporous material with V total < 2 cm 3 g −1 (Table 1 ). Carbonization at 773 K (CMH-0-773) developed microporosity within the monolith walls, giving a type I isotherm (V micro = 0.19 cm 3 g −1 , Table 1 and Figure 4 ). Further increase in the carbonization temperature to 1073 K resulted in the similar V micro . However, when RF monoliths that had been treated with 1 N HCl aq. were carbonized, the resulting materials showed type IV isotherms (Figure 1) , indicating that the treatment created mesoporosity within the carbon network. 10, 38 Increasing time periods of HCl aging gradually increased micropore volumes, but mesopore volumes reached a maximum for samples aged with HCl for 4 days and decreased for longer aging times. Because the materials treated for 4 days (CMH-4-773 and CMH-4-1073) exhibit high microand mesopore volumes, we investigated their surface properties by H 2 O vapor adsorption experiments. Figure 5 shows water vapor adsorption isotherms characterizing CMHs. For comparison, the data of silica gel and high silica MFI zeolite (JRC-Z5-90H, Catalysis Society of Japan, SiO 2 /Al 2 O 3 molar ratio = 90) are also shown. The H 2 O uptake data are normalized with respect to BET surface area to compare the hydrophobicity/hydrophilicity of materials having different surface areas. CMH-0-773 and CMH-0-1073 show similar H 2 O uptakes. As BET surface areas of these two samples are also similar (Table 1 ), these data indicate that an increase in the carbonization temperature from 773 to 1073 K hardly increased the hydrophobicity of CMH. However, when HCl treatment was conducted before carbonization, the hydrophobicity of the corresponding CMH drastically increased (CMH-0-773 vs CMH-4-773 in Figure 5 ). Moreover, an increase in the carbonization temperature from 773 to 1073 K after HCl aging resulted in further enhancement in hydrophobicity (CMH-4-773 vs CMH-4-1073 in Figure 5) .
To obtain more quantitative information about the effects of HCl aging on the hydrophobicity/hydrophilicity of CMHs, we used the method proposed by Peŕez-Ramírez et al. 32 They used a simple method to evaluate hydrophilicity/hydrophobicity of high-silica zeolites. They carried out argon gas adsorption at . 32 At this relative pressure, micropore filling of argon seems to be complete. Therefore, the percentage ratio of water and argon uptakes gives the degree of pore filling by water molecules, which approximately measures the hydrophilicity of the surface of the zeolite (smaller ratios indicate higher hydrophobicity of the surface of zeolites). Using this method, they show that their materials (MFI zeolite, Si/Al atomic ratio ≈ 40) have . Hydrophobicity for these materials seems similar to that of an activated carbon (Norit, GAC 1240W) and also that reported for a pure silica zeolite Beta that is defect-free. Gounder and Davis reported the synthesis of defect-free pure silica zeolite Beta using fluoride media. 39 Calculation of the degree of pore filling by water molecules from their data (reported at P/P 0 = 0.20) gives the degree of pore filling of 1% (calculated as (0.0022 cm 3 (STP)/g of water)/(0.19 cm 3 /g of micropore volume) × 100 = 1% from Table 1 reported in the literature 39 ). In summary, our data show that HCl aging of RFMHs drastically increases the hydrophobicity of the corresponding CMHs to levels exhibited by defect-free pure silica zeolite Beta. Because of the presence of relatively large mesopore volumes in CMHs, they are expected to exhibit high performance in adsorption of hydrophobic molecules from aqueous solutions. Thus, we evaluated their ability of 1-butanol recovery from diluted aqueous solutions as described in the next section.
3.3. Adsorption of 1-Butanol in a Batch System. Adsorption of 1-butanol on various adsorbents was carried out at 310 K. Figure 6 shows the adsorption isotherms. For comparison, the data for a high silica zeolite were included. All data can be well-represented by the Langmuir eq 2
where q represents the amount of 1-butanol uptake in mol (kg of adsorbent) −1 , q m represents the maximum loading corresponding to complete surface coverage (monolayer coverage for ideal Langmuir adsorption) in mol (kg of adsorbent) −1 , K represents the adsorption-equilibrium constant in mM This value corresponds to four butanol molecules per unit cell of an MFI zeolite and thus appears to be reasonable. Both CMH-0-773 and CMH-0-1073 show similar butanol isotherms, consistent with their similar pore structure and surface hydrophobicity. CMH-4-773 shows higher amounts of 1-butanol than these materials probably because of its larger pore volumes and higher hydrophobicity. The 1-butanol adsorption density of CMH-4-773, which was calculated by dividing the total amount of 1-butanol uptake by its BET surface area, shows an ≈50% increase when compared to that of CMH-0-773 (Table 3) , consistent with the higher hydrophobicity of the former sample. Butanol uptake at the equilibrium concentration of 135 mM (q 135 ), which is the upper limit of concentration in biobutanol recovery, is similar to that of the high silica zeolite (2.06 mol kg −1 for CMH-4-773 and 1.75 mol kg −1 for the zeolite, Table 3 ). CMH-4-1073 shows even higher amounts of 1-butanol uptake and shows a high q 135 of 3.13 mol kg ). This value corresponds to 0.3 nm 2 per molecule. The effective cross-sectional area of a 1-butanol molecule is approximately 0.2 nm 2 (calculated from the kinetic diameter 0.5 nm 42 ). If each butanol molecule is adsorbed vertically on the surface of carbon with its methyl group pointing to the surface, three 1-butanol molecules nm −2 approaches the upper limit for monolayer coverage. Carbon adsorbents have an advantage to polymer adsorbents because the operating temperature limits for the latter adsorbents are relatively low (e.g., 383 K for L-493 43 ). In summary, HCl aging appears to have positive effects on the performance of a CMH for 1-butanol adsorption and CMH-4-1073 shows a high 1-butanol uptake.
3.4. Adsorption of 1-Butanol in a Flow System. Adsorption of 1-butanol was also carried out in a flow system. Figure 7 shows the breakthrough curve of the CMH-4-1073. The material shows a sigmoidal curve typically found in breakthrough experiments. The 1-butanol loadings at 10% and 100% breakthroughs were calculated as 0.10 and 0.74 g/g of CMH, which are both higher than those of highly siliceous zeolite reported in the literature. 40 Thus, the results show that CMH functions effectively as an adsorbent in flow systems.
CONCLUSIONS
A series of monolithic carbon cryogels having a microhoneycomb structure (CMH) were synthesized by directional freezing of resorcinol−formaldehyde hydrogels, followed by freeze-drying and partial carbonization at elevated temperatures. Aging of RF monoliths (precarbonized material) using 1 N HCl aq. was found to markedly increase the hydrophobicity of the corresponding CMHs. HCl aging also increased micropore volumes and introduced mesoporosity to the carbon network. H 2 O vapor adsorption experiments and analysis of the resultant data show that the CMH treated with 1 N HCl aq. for 4 days, followed by carbonization at 1073 K, exhibits a highly hydrophobic surface that approaches levels of other highly hydrophobic adsorbents, such as an activated carbon and a defect-free pure silica zeolite Beta. Because of their high hydrophobicity as well as their unique hierarchical pore structure, CMHs show high 1-butanol uptakes from diluted aqueous solutions both in batch and flow systems. Thus, these data indicate that CMHs will find various applications that require fast separation of hydrophobic molecules from a large volume of aqueous solutions. Furthermore, the relatively simple treatment of HCl aging would be applicable to other types of carbons derived from phenolic resins to form highly hydrophobic carbons. 
